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Abstract

Introduct i on

The f in e structure of metaphase chromosomes
and nuclei were stud i ed by scan ning el ectron
microscopy. A coil ed- coi l structure of chromosomes was suggested by hypotoni call y unravelled
chr omosomesobserve d under light mi crosco pe.
But chromosomepreparat i ons made for the li ght
microscop i c stud i es were not adequate for
detailed examinati on with scann in g el ectron
mi croscope . Surface - spread chromosomes revealed
that they were composed of nodular, twisted
l ooping f iber s of about 300 A in diameter .
Surf ace-spread nucl ei were al so composed of fibers
identical to the chromosome f i bers.

The spi ra l structure of chromosomes of
Tradescantia pollen mother cells was first reported by Baranetzky (1880) more than a hundred
years ago. Kuwada (1939) summarized and discussed the mechanis m of chromosomespi ral i zation.
Based on the observat i ons with li ght mi croscopy
(LM), many theories and explanations of chromosomal struct ure have been proposed without pre sent in g any positive evidence. The li mit ation
of reso luti on of the LM i mpeded the study of
chromosomal fine str ucture. Techni ca l devel opment and pract i ca l use of el ectron microscopy ,
however, has led to rap i d progress in the study
of chromosomal fine structure.
Transmi ssion el ectron mi croscopy (TEM)
offers high reso l ution, but a l so has the limitat i on that the meterial to be examined should be
ultrathin and put on a grid 3 mmi n diameter.
Burkhold er (1971) observed tryps in-b anded chromosomes which were spread on a carbon- enforced
Formvar fi l m f l oated on water. Gormley and Ross
(1972) observed C- banded chromosomes made by the
ASGtechn i que (Sumner et al., 1971) using a carbon
replica whi ch was shadowed with gold- pal l adium
afte r f l oat in g off the sl i de. Ruzi cka (1974)
coated chromosomes with carbon and the resulting
carbon f il m and chromosomes were floated off the
s lid e into 0.3 N hydrofluori c acid . Burkholder
(1981) prepared first R- banded chromosomes on a
pl astic coated microscope slide, then the film
was foated off the s li de into the water. Xu and
Wu (1983) coated G- banded chromosomes with
Parlodion film which was then f l oated off the
s l ide i nto 0.06 M phosphate buffer or 0 .1 M hydrofluoric acid. In these studies, the float in g film
to which chromosomes were attached was pi cked up
onto an EMgrid.
Gall (1963, 1966) spread the newt erythro cyte nucl ei or human chromosomes directly on th e
water surface.
The surface - spread materia l was
picked up on carbon - coated EMgr i ds , then cr iti ca l
point -dri ed (Ander son , 1951) , and shadowed with
platinum - pal ladium. DuPraw ( 1966) proposed a
folded - f i ber theory of chromosomestructure after
i ntensive st udi es usin g th i s technique.
Althou gh
this tech ni que revealed that chromosomes were
composed of f i bers, chromosomes were too thi ck
for the detai l ed examination by TEMand the
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higher - order arrangement of the fiber was still
obscured. High voltage TEM(Nakani shi et al. ,
1970) and/or stereography (Stubb l ef i e ld and Wray,
1971; Ris and Witt, 1981; Mullinger and Johnson,
1983) was able to overcome thi s diffi culty.
The elu cidation of substructure of chromatin
fibers such as beads - on- a- s tring structure (Olins
and Olin s , 1974) and sol enoidal model (Finch and
Klug, 1976) , however, was signif i cant contribution
made using TEM.
Scanning e l ectro n mi croscopy (SEM) i s suited
for the analyses of the higher-order structure of
chromosomes, because the avail abl e i mages are
three-dimensional (Gol omb, 1976) . Findings of the
spira l str ucture of chr omosomesby treatment with
hypotonic so luti ons (Utsumi and Tanaka, 1975;
Utsumi ,1976) has led me t o further inve stigations
of higher-order structure of chromosomes using SEM.
This paper reviews the TEMand SEMstudies on
chromosomes prepared using different techniques,
but does not in clud e those on plant chromosomes
(Laane et al ., 1977), amphibi an lampbrush chromosomes (Angeli er et al ., 1984) , or polyter.e chromosomes (Meyer and Lipps, 1984). New re s ult s about
chromosome fibers and nuclear f ib er s revealed by
SEMin the surface - sprea d ce ll s are al so presented.
Uncoiling

of Chromosomes

In ani mal ce ll s, a spir al chromosome struc ture comparabl e to that of pl ant cell s was not
cl ear ly exhibited until Ohnuki ( 1968) demonstrated
it in human lymphocyte chromosomes. Utsumi then
found that the uncoiling of chromosomes was obta inabl e mere ly by a se l ect i on of hypotonic so l utions used for t he swelling of ce ll s (Utsumi and
Tanaka , 1975; Utsumi, 1976). The uncoilin g effect
of hypoton i c so lution s of sodi um citr ate on chro mosomeswas studied on Raji cel l s. Hypotonic
so lu tions of a ser i es of doubling dilutions of
isoton i c solut ion of sodiu m citr at e from l/2 to
l/32 were tested.
Hypotonic treatments were done
for 20 min at room temperature with these di l utions,
and preparations were made by the ordinary airdrying method. An optimal dilution was decided by
the degree of uncoiling of chromosomes. With l/16
i soto ni c sol uti on of sodium citrate (for concentrat i on, see Table l ), chr omosomesdemonstrated a
loo se ly uncoiled structure (Fi g. l ). The effectiveness of the hypotonicity on the chromosome
uncoiling was able to be est i mated by examination
of nuclei, because nuclei became homogeneous at
concentrat i ons of hypotonic soluti on whi ch caused
chromosomes to uncoil.
Non-electrolytes such as dextrose, fr uctose,
glycerol, and s ucrose also had the uncoilin g
effect as did el ectro lytes, s uch as ammoniumchloride, calcium chloride, magnes iu m chlorid e, potas s ium ace tate, potassium chloride, sodium acetate,
sodiu m chloride, and sodium citrate.
Most of the
so lute s examined had an optimum effect of chromosome uncoiling at l / 4 or l /8 i sotonic so lu tion,
whereas glycerol at l / 1.5 and sodium citr ate at
l/16. Magnesi um chlorid e and ca l cium chlori de
were most effective with l /8 isotonic so luti on,
but caused rupture of cell s with further diluti on.
In the s lightl y uncoiled chromatids, one can
count the numbers of gyres (Fig. la).
The number
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of gyres in chromati ds decrease in proportion to
their l ength or to t he degree of condensat i on
occurring dur in g the mitoti c phase . In the extreme ly uncoi l ed chromati ds, one can see a l owerorder coil (Figs, lb, c). The spira l struct ur e of
chromosomes, however, was not cl ear ly conf irmed
using the LMdue to the li mitatio n in reso lu t i on.
Therefore, attempts to e lu ci date the fine struc ture of chromosomes prepared to the LMstudies
were made by SEM.
Table l. Opti mum concentrat i ons of hypotonic
solut i ons effect iv e for chromosome uncoiling
Dilut i on
of
i soto ni c
so luti on

Concentrat i on
(mM)

Dextrose
Fructose
Glycerol
Sucrose

l/4
l /4
l / l .5
1/4

70.0
70.0
188.0
67.5

Ammon
i um chlori de
Calciu m chlor id e
Magnesiu m chloride
Potass i um acetate
Potass iu m chl orid e
Sodiu m acetate
Sodium chlor i de
Sodium citrate

l/8
1/8
1/8
l /8
1/4
1/8
l /4
l / 16

18.8
14. 5
26. 5
19. 5
40.0
30.9
38.5
6.4

SEMSt udi es of LMChromosomes
SEMwas appli ed to th e stu dy of chromosomes
soon after its development (for historical
review,
see Golomb, 1976). Chromosomepreparations made
for LMhad to be coated with heavy metal to avoid
charging when examined under SEM. In ear li er experiments, LM preparations were coated in a vacuum
with a thin layer of evaporated gold (Neurath et
al., 1967; Pawlowitzki et al., 1968; Pawlowitzki
and Bl aschke, 1971; Yu, 1971), or alu minium
(Chri stenhuss et al ., 1967). Recentl y , chromosomes were sputter - coated with gol d- pal l adium
(Daskal et al., 1976), or gold (Utsumi , 1981, 1982)
in an i on-co ate r. Coating with heavy met al s,
however, has the disadvant age that vacuum, ion
bombardment and heat produced during coating may
produce art if acts such as the maskin g of super f i cia l fine structure and distortion of soft bio logical mat eria l s . Therefore, the conduct ive
st aining s uch as gluta ra ld ehyde-tanni c acid and
osmium tetro xide fixation procedure (Sweney et al.,
1979) or an osmium tetroxide-thiocarbohydrazide
fixat i on method (Harr i son et al., 1981, 1982;
Mullinger and Johnso n, 1983) may be preferable
for uncoated chromosomes.
Select ed metaphase chromosomes were marked
with an object marker, and they were photographed
by LM. These marks on th e s lide and photographs
were used as guides in the SEMexamin ations.
The
mi crosco pic s lid es were cut into small pieces
accord ing to the distribution
of the marks, and
each of them was mounted on an aluminium st ub with

Chromosomefibers,

nuclear fibers

by SEM

1

t
a

-

b

C

-

Fig. l. Raji chromosomes uncoiled by a treatment of l/16 isotonic solution of sodium citrate.
uncoiled chromosomes show a coiled-coil structure (band c). Bar 5 vm.

Well

Fig. 2. SEMexaminations of chromosomes prepared for light microscopy. Giemsa-stained chromosomes
are usually too flat to examine fine structure (a). Prolonged duration of sputter-coating
(6 min)
caused an artifact:
a decoration effect (b). (c) represents "footprints" of chromosome. Chromosomes
must have been sloughed off leaving engravings.
SEMS-450. Bar= l vm.
a piece of double-sided adhesive tape. The specimens were sputter-coated with gold in an ioncoater (Echlin, 1975; Daskal et al., 1976). In
order to achieve in SEMobservation of chromosomes,
wel l condensed and darkly stained chromosomes had
to be selected during previous examination by LM.
The topology of air-dried chromosomes was
variable.
Some chromosomes were too f l at to observe, others were granular l ike an ear of corn or
a bunch of grapes (Figs. 2a, b). The granular
appearance of the chromosomes shown in these photographs does not denote the true structure of
chromosomes, but must have been derived from the
combined effect of two kinds of artifact;
a spike
brightness effect (Holloway and Baker, 1974) and
a decoration effect (Holland, 1976). Although
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these granules were the result of artifacts,
the
arrays of granules corresponded well to the spiral
structure of the chromosomes observed by light
microscopy.
G-banded chromosomes, C- banded chromosomes,
and differentially
stained sister chromatids were
also examined by SEM. A commonfeature of topology of these chromosomes was bulkiness and rough
appearance of chromosomes where the Gi emsa-staining was positive.
The Giemsa-positive bands seen
under LMcorresponded to ridges in the chromosomes
observed with SEM. The height of ridges seemed to
be proport i onal to the intens i ty of the Giemsastain.
The distinctness
of the ridges in the Gbanded chromosomes varied with the degree of
trypsinizat i on. In C-banded chromosomes, the
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Giemsa-positive regions also appeared to be
raised.
The same was true in sister chromatid
differential
staining.
The unifilarly
bromodeoxyuridine-substituted
chromatids which stain darkly
with Giemsa were thick and t heir surfaces rough ,
whereas the bifilarly
substituted chromat id s which
stain palely were thin and smooth (Utsumi, 7982).
The ridge found in the Giemsa-positive re gions of G-banded chromosomes and the raised spot
in the centromere region in C-banded chromosomes
al so have been reported by Ross and Gormley (1973)
and Ruzicka (1974) in their studies of chromosomes
by transmission replica method. In sister chromatids differentially
stained by treatment with hot
disodium phosphate solution, the Giemsa-positive
chromatid s also had a "pile up" appearance in SEM
topology (Takayama et al., 7981). Clearly,
Giemsa stain in g is responsible for the bulkiness
of chromosomes. The molecul es of magenta compound
formed during Giemsa staining (Sumner and Evans,
7973) has been suggested to be large enough to
increase the volume of the stained chromosomes, or
the binding of the dye to DNAto alter the basic
structure of the chromosome.
One of the most interesting findings that
would not be recognized without the SEMexamination was the "footprint" of chromosomes as shown
in Fig. 2c (Utsumi, 7982). We often observe
"transparent" chromosomes in the stud i es of LM
preparations but disregard them as a result of
the fai lur e of staining and so forth.
Transparent
chromosomes have been reported by several investigations in different terms: chromosome g~ost
(Burkholder, 1971; Harrison et al., 7983 , ~
aspect (Drets et al., 1978), or bas-relief
aspect
(Drets and Novello, 7980). Dretsand Novello
(7980) even made a karyotype of the contour chromosomes obtained by their delin eation method.
This phenomenon seems to occur in chromosomes
prepared by several different procedures: i)
trypsin-treatment
(Burkholder, 7977; Comings et
al., 7973; Harrison et al., 7983), ii) the ASG
technique (Gormley and Ross, 7972), iii) hot
phosphate buffer (Barnett et al. , 1973), iv) the
C-banding technique (Pathak and Arrighi, 1973),
v) the G-banding technique (Ross and Gormley,
7973), vi) prolonged periods of photo-oxidation
(Drets et al., 1978), and vii) by potass iu m permanganate-sodium bisulfite
(Drets and Novello,
1980). These figures may not represent the chromosomes themselves, but a kind of engraving on the
cellular material spread over the substratum to
which the chromosomes had been anchoring. The
chromosomes must have been sloughed off leaving
their "footprints" during s ta i ni ng procedure.
Chromosomepreparations for LMstudy made by
the ordinary air-drying method are not suited for
the study of higher-order structu re of chromosomes. Methanol-acetic acid (3: l ), which is the
commonfixative in the air - drying method, might
be responsible for the defectiveness.
Biochemical
studies on the effects of fixat ion in cytological
preparations have shown that methanol-a cetic acid
(Sumner et al., 1973) as well as ethanol-acetic
acid (Dick and Johns, 7967) extract histones from
the nuclei and chromosomes. Of the five types of
histones, Hl is the most susceptible to extraction
by the fixative (Burkholder and Duczek, 7980).

Fig. 3. Surface-spread chromosomes of Raji cel l s
(a), mouse bone marrow cells (b), and Chinese
hamster ce ll s (c).
It is a commonfeature among
these chromosomes that they are composed of nodular
and twisted looping f i bers. a: FESEMS- 700,
band c:FESEMS- 800. Bar= 0.5 ~m.
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Since Hl histone stabilizes the super -structure of
the nucleosome (Finch and Klug, 1976), the depletion of histones caused by the use of fixative may
result in the loosening of the structure of chromosomes. A loosened chromosomeseasily could be
crushed on the slide by the surface tension of the
fixative during air-drying.
SEMStudies of Surface-Spread Chromosomes
The surface-spreading technique had been used
for the electron microscopical study of nucleic
acid molecules, DNAexpelled from phage and bacteria, or purified DNA(Kleinschmidt, 1968). Gall
(1963) first demonstrated nuclear fibers of newt
erythrocytes by this technique. Then DuPraw (1965)
and Wolfe (1965a) employed this technique for the
preparation of chromosomes. Thus, it became possible to examine a whole chromosomein TEM. The
whole mount chromosomescan be examined without
fixation, staining, and coating (DuPraw, 1965),
though they had been fixed with uranyl acetate and
shadowed with platinum-palladium in early investigations (Gall, 1963, 1966; Wolfe, 1965a, 1965b).
Golomband Bahr (1971) first observed surface-spread chromosomeswith SEMand reported that
the chromosomesconsisted of tortuous looping
fibers and revealed an appearance like a "skein
of yarn". Utsumi ( 1981, 1982) confirmed their
results that chromosomeswere composed of nodular
and twisted fibers (Fig. 3). Their overall diameters appear to be constant. Looping of the
fiber is evident all along the chromosomes. Free
ends of the fibers are rarely seen in minimally
stretched chromosomes. No regular arrangement of
the looping fibers, which might suggest a higherorder structure of chromosomeswas found.
Although the arrangement of looping fibers is
disordered, the split between the chromatids, the
kinetochore region, and gaps are discernible.
In
the kinetochore region, neither the particular
structure reported by Ris and Witt (1981) nor the
dense clumping of fibers reported by Wolfe (1965a)
was found, but bundles of chromosomefibers
arranged parallel to the axis of the chromatid
were present.
In the stretched chromosomes, the
mass of fibers must have elongated, resulting in
bundles of longitudinal fibers with segmental
accumulation of fibers.
The twisted loops with nodules of chromosome
fibers might be a remnant of the original conformation of fibers: each loop originally might have
been a close-packed coil. Whenchromosomeswere
spread on the water surface, the close -packed coil
had been uncoiled. Then the uncoiled fibers had
been aggregated differently from the original configuration forming "extended coils" or "loops" due
to dehydration with ethanol and/or desiccation by
critical point-drying.
The nodular structure of
the fiber, therefore, might have resulted from the
twist of each turn of the close-packed coil.
The "skein of yarn" (Golomband Bahr, 1971)
is an apt description for a topological feature of
surface-spread chromosomes. The feature has been
variously called:~.~.
or knotty in terms
of swellings and constrictions along the length of
the fibers, tortuous, contorted, or kinky in terms
of form, and .!.Q.Q_p_
for the continuous fibers
emerging from the chromosomebody and returning to
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it (Abuelo and Moore, 1969; Bahr and Engler, 1980;
Gall, 1966; Golomband Bahr, 1971, 1974; Lampert
and Lampert, 1970; Wolfe, 1965a). Therefore, this
topological feature of fibers is a universal feature of chromosomestructure produced by the surface-spreading technique.
Similar looping fibers also have been observed in thin sections of isolated chromosomes
(Adolph, 1980; Marsden and Laemmli, 1979). A
"microconvule" is another topological feature of
chromosomeswhich were isolated and fixed with
uranyl acetate (Daskal et al., 1976). This feature may present the coagulated form of chromosome
fibers caused by fixation.
The diameter of the chromosgmefiber is
consistent, between 200 and 300 A, as reported for
various techniques including examinations of thinsectioned chromosomesby TEM(Adolph, 1980;
Lampert and Lampert, 1970; Lampert, 1971). of surface-spread chromosomesby TEM(Abuelo and Moore,
1969; DuPrawand Bahr, 1969; Gall, 1966; Lampert
and Lampert, 1970; Lampert, 1971; Wolfe, 1965a),
and of negatively stained chromosomesby Miller's
method (Rattner and Hamkalo, 1978a, b). Golomb
and Bahr (1971) reported 400 R fibers in unshadowed chromosomesobserved by SEM. Utsumi also
reported the diameters of chromosomefibers in his
SEMstudies on surface-spread chromosomesthat the
mean diameter of chromosomefibers of Raji cells
measured at a hundred or more different sites on
enlarged photographs were 336 + 42 R (Utsumi,
1981), 302 + 38 $. and 298 + 40A (Utsumi, 1982) .
That of mouse bone marrow cells and of Chinese
hamster cell s was 276 + 35 Rand 326 + 40 R, respectively (Fig. 3). The difference Tn the mean
diameters of these chromosomefibers was not statistically
significant.
The thickness of the
coating should not be disregarded when measuring
the net diameter of the chromosomefibers.
The
thickQess of the coating used in this stu dy was
33.6 A, calculated from Echlin's equation
(Echlin, 1975) .
SEMStudies of Surface-Spread Nuclei
The ultrastructure
of interphase nuclei has
been studied in thin sections using TEMby many
investigators.
Electron micrographs of thin sections of interphase nuclei generally show heterogeneously condensed chromatin, a peripheral layer
of condensed chromatin closely associated with the
inner layers of nuclear membrane, and nucleoli
surrounded by dense chromatin. The fibrous struc ture of chromatin is not discernible in thin sec tions, although it is the major component of the
nucleus . The surface-spreading technique, however, provides an advantage that whole nuclei are
observed. Gall (1963) first reported in his TEM
study that the nuclei of the newt erythrocytes
consists of fibers about 400-600 R (subsequently
revised to 250-300 R, Gall, 1966) in diameter by
the surface-spreading technique. Wolfe (1965b)
also reported the fibers 250 + 20 R in average
diameter in the nucleated erythrocytes from
salamander, and DuPraw (1965) fibers 230-250 A in
diameter in nuclei of honeybee embryonic cells,
in TEMstudies.
Golomband Bahr (1974) and Golomb
and Reese (1974) used SEMto observe chromatin
fiber s with uniform diameter in the surface -spread
nuclei of human peripheral lymphocytes .
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Fig. 4. Enlarged surface topology of a surfacespread nucleus of the mouse bone marrow cells.
The feature of nuclear fibers i s very similar to
that of chromosome fibers shown in Fig. 3b.
FESEMS-800. Bar= 0.5 ~m.
A very few nuclei have retained their spheri ca l form after s urface- sprea ding. When Raji
cells were spread, the majority of nuclei formed
frayed disks of networks of fiber and some were
completely disrupted.
The extent of spreading of

nuclei seemed to depend on the compactness of
nuclear structure,
Mouse bone marrow and splenic
cells and Chinese hamster ce lls gave better results
in retaining the spherical struct ure. The procedure of preparation of s urface-spread nuclei is
the same as that of surface -spread chromosomes
(see Notes on Techniques) . Spherical nuclei were
selected and marked under a phase contrast micro scope immediately after the crit ical point-drying.
As shown in Fig. 4, nuclei of bone marrow cells are
composed of fibers very s imilar in appearance to
chromosome fibers: nodular, twisted looping fibers,
very uniform in diameter and lack of free ends.
The mean diameter of the nuclear fibers of mouse
bone marrow cell s ORtained from a hundred measurements was 302 + 40 A (Fig. 4), whereas that of the
chromosome fibers of the same cells on the same
spec imen was 276 + 35 ~ (Fig. 3b) . The difference
between these values was statistica ll y significant.
However, the nuclear fibers must essent i ally be the
same as the chromosome fibers.
The difference
between them may be in the degree of condensation
or the manner of coi ling. Since the nuclear
fibers are not so close ly packed as those in chro mosomes, the assignment of fibers to individual
chromosomes is difficult.
DuPraw (1966) reported
in the study of human lymphocytes that the diameters are around 230 at interphase and have a
somewhat greater dimension (possibly exceeding
300 ~) at metaphase. The discrepancy of the
average fiber diameter between nucl ei and chromosomes was probab ly due to the effect of stretching
resu l ting from the surface-spreading technique.

a

Fig. 5. Stereo - pair showin g
a surface -spread nucleus of
the mouse bone marrow cells.
SEMS-450. Bar= l ~m.

Fig. 6. Stereo - pair showin g
enlarged surface topology
of a surface-spread nucleus
of the mouse bone marrow
ce 11s.
SEMS-450. Bar= l ~m.
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Fig. 7. Surface-spread nuclei of the mouse bone
marrow cells.
Nuclear fibers are rather tightly
packed (a). A nuclear pore-like structure is seen
in the smooth surface area which is probably the
remnant of the nuclear envelope (arrow in b).
SEMS-450. Bar= l ~m.

Fig. 8. Surface-spread nuclei of the Chinese
hamster cel l s. a: An incompletely ruptured cell
showing the remnant of cel l membranewith villi
(v). Spherules are probably swollen mitochondria.
b: Cytoskeletal fibers are seen on the nucleus.
SEMS-450. Bar= l vm.

Figures 5 and 6 show extreme ly unpacked nuclei in
stereographs.
In some nuclei, the nuclear fibers do not
loop out, but are rather tightly packed (Fig. 7a).
The nuclear pores are rarely seen (Fig . 7b).
Incompletely disrupted cel l s (Figs. Sa, b) show
the remnants of cell membrane, cytoskeletal fibers,
and mitochondria.
In order to study the int er nal structure of
nuclei, the frozen resin cracking method (Tanaka
and Iino, 1973) or cryofracturing method
(Maruyama, 1983) may be applicable, s ince the
distortion of nuclear structure is minimized by
these methods.

Epstein et al ., 1966), grown in RPMI-1640supplemented with 20% fetal calf serum, and Chinese
hamster ovary (CHO
- Kl) cel l s grown in MEMsupplemented with 10% fetal calf serum were used.
Bone Marrow Cells
Bone marrow cells were obtained from femoral
bones and tibial bones of CBA/H-T6mice (Animals
were maintained under the guidelines set forth by
the Aichi Cancer Center Research Institute,
Nagoya,
Japan). One month-old mice received an intraperitoneal injecti on of col chi cine, 2 vg per gram of
body weight, four hours before sacrifice by cervical dislocation.
Bone marrows were flushed out
through the lon g bone with isotonic solution of
sodium citrate (3.02 %) by l ml disposable syringe
and 26G needle. Bone marrow cell s were suspended
in 5 ml of isotonic solution of sodium citrate and
centr ifug ed at 1000 rpm for 10 min. Sedimented
cell s were resuspended in a small amount of 1.0%
sodium citrate solution for swelling the cel l s.

Notes on Techniques
Cell Lines
Raji cells, a human tissue culture cell line
derived from Burkitt lymphoma (Pulvertaft, 1964;
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The resulting cell suspension was appli ed on the
surface of the water as described below.
Surface-Spreading Technique
A rectangular trough, 50 x 70 mmand 10 mm
deep, was made of a 2 mmacryl plate.
A bar made
of the same material, 12 x 80 mm, was used for
cleaning the su rf ace of the water. Petri dish,
rectangular trough made of gla ss, polyvinyl chl oride, Teflon, or Tef lon- coated metal may be used
as a "Langmuir-trou gh" (Klein sc hmidt, 1968;
Golomb, 1976). The size and shape of the trough
may be arbitrary,
but the rim of the trough
should be ground flat and hydrophobic so as to
obtain the convex surface of the water when i t was
filled to the brim and swept effective ly using th e
cle aning bar. Raji cel l s were sedimented at 1000
rpm for 10 min, then they were resuspend ed in a
small amount of Hanks' buffered sa line solution.
A tiny amount of the ce ll suspens i on (1 ~, or l ess)
was placed on the tip of a microspatula with a
capillary pipet.
The droplet then was placed on
the convex surface of the water in the trou gh
filled to the brim with distilled-deionized
water.
Just before appli cation of the cel l s , a few talcum
particles were dusted on the surface of the water
to check the extent of s preading (for details see
Gall, 1966; Kl ein schmidt, 1968 ; Golomb, 1976).
The surface tension of the water ruptur ed the
ce ll s, releasing nuclei and chromosomes which
were picked up by touching a piece of Formvar coated glass to the surface.
The pi eces of gl ass
were made of microscope s lid es cut into four equal
parts and coated with Formvar (0.5 % in chloro for m).
The specimens were dehydrat ed, for approximately
three minutes each, with ascending concentrat i ons
of ethanol (30, 50, 70, 90%, and two changes of
absolute ethanol).
The spec i mens then were put
through three changes of isoamyl aceta t e , after
which they were critic al point-dried from l iquid
carbo n dioxid e (Anderson, 1951). The specimens
may be s tored in 90% ethanol until used. The
volume fraction of i soamyl acetate permi ssible in
liquid carbon dio xide i s very small (0.02 3%) as
compared with other int ermediate fluids such as
acetone, ethanol, and Freon 113 (Pawley and Dole,
1976). Therefore, i soamyl acetate taken with the
specimen into the cr iti ca l poi nt-drier should be
as meager as possib l e. An excess amount of i soamyl acetate may cause in compl ete dryness and
influ ence the final figure of chromosomes.
Isoamyl acetate wasremoved from the specimen with
a piece of bl ott in g paper taking care that the
spec i men did not dry up.
Subphase
To study the high er-ord e r s tructur e of chro mosomes, undistorted chromosomes are preferable.
The stretching of chromosomes, however, i s inevitable so far as the surface-spreading techniqu e is
used. Attempts were made to reduce the surface
tension of the water by mixi ng with several different detergents or ethano l . But chromosomes
were disturbed by the solut e itself,
too.
Finally, it was found that the extent of the
stretch ing of chromosomes was somewhat smaller on
deuterium oxide than on the water, probabl y because the surface tension of the former (67.8
dyne/cm at 20°C) is small er than the latter (72 .75
dyne/cm at 20°C). Deuterium oxi de was used as
hypophase to stabilize microtubu l es (Ris and Witt,
1981).
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Sputter-Coating
The specimens were sputter-coated with gold
in an ion-coater at 1400 V. The electric curr ent
was kept at 8 mAby l eaking the air.
Sputter in g
for 30 seconds gave a minimumthickness of coat ing
that was enough to protect from charging.
The
thickness of the gold coating i s 33.6 ~ . according
to Echlin's equat ion (Echlin, 1975). The more the
duration of sputtering was prolonged, the coating
became thicker and caused artifacts
such as th e
decorat ion effect (Holl and, 1976) and the edge
contrast or spike br ightne ss effect (Holl oway and
Baker, 1974).
Scanning Electron Microsco py
The specimens were examined with a Hitachi
SEMS-450 and/or a Hitachi FESEMS-700 and S- 800.
Photographs were made on Polaroid type 665 P/N
film or Kodak Tri-X Pan film.
Stereography
For stereography, photographs taken at a
ti l t angle of 15° were placed on the l eft s ide of
the pair s, and photographs taken at 25° were
placed on the right.
Conclu s ion s
By the surface-spreading technique, metaphase
chromosomes or interpha se nuclei proved to be composed of fibers about 300 A in diameter.
The diameter of fiber s i s consistent and free ends of the
fibers are rarely seen. The fibers are nodular,
twi sted and looping. The chromosome fibers are
not distinguishable
from the nuclear fibers by
their appearance. The value for the diameter of
these fibers well coin cide with that of the sole noidal model for chromatin proposed by Fin ch and
Klu g (1976). These valu es also coincide with the
value obtained by Rattner and Hamkalo (1978a, b)
and Rattner et a 1. ( 1981) in the study of negative ly sta in ed chromosomes prepared by Mill er's
method (Mill er ang Bakken, 1972). They r eported
that the 200-300 A fibers were composed of cl osely
apposed arrays of nucl eosomes.
The total len gth of the DNAdouble heli x in
human cel l s is 190 cm cal culated fro m the number
of nucleotide pair s (5.6 x 109, McCarthy, 1969)
and the base distance in the DNAmolecule (3.4 ~
Watson and Crick, 1953) . Since the total length
of the human metaphase chromosomes i s about 220
~m (the average value obtained from five karyotypes) , the DNAdouble heli x has to be packed in
a ratio of about 8600:l to form the metaphase
chromosomes. The fir s t s upercoiling of the DNA
doubl e helix i s found in cucl eosomes in which the
repeating unit conta in s 200 base pair s at a di stance of 125 ~ (0lins and 0lin s, 1974; Kornberg,
1974; 0udet et al., 1975). Thus the DNAdouble
heli x i s packed in a ratio of 5:1 to form nucleosomes. Since the sol enoid is a supercoil of
clo sely -packed nucleosomes with six to seven
nucleosomes per turn (Fin ch and Klu g, 1976), the
DNAdouble heli x i s packed in a ratio of 30-35: 1
to form the solenoid.
Therefore, the chromosome
fibers revealed by the SEMstudy must further be
packed in a ratio of 250-290:1 to form the metaphase chromosomes. In other words, if one could
unravel the mass of chromosome fibers shown in
the photographs, there would be a single fiber
250- 290 times as long as the chromatid .

Chromosomefibers,

nuclear fibers

The kinetochore region was seen as constrictions or gaps between the masses of tortuous
chromosomefibers.
In the stretched chromosomes,
a bundle of severa l chromosome fibers was seen at
the kinetochore region. However, the attachment
of mi crotubules to chromosome fibers, which was
observed in the kinetochore region by Ris and
Witt (1981) in their TEMstudy of whole mount
chromosomes, was not recognized.
There was no
structure suggesting the "unit fiber" described by
Bak and Zeuthen ( 1978), in either stretched or
unstretched chromosomes.
Chromosomesare generally prone to stretch
lengthwi se, when they were spread on the water
(Fig. 9). Chromomeres, or segmental masses of
chromosome fibers are seen in moderately stretched
chromosomes (Fig. lOa). In the extreme ly stretched chromosomes, the chromosome f ibers are no
l onger tortuous or looped, but show a bundle of
straight fibers.
Broken ends of the chromosome
fibers are often seen in such an extremely
stretched chromosome (Fig . l Ob). Based on observations of whole mount chromosomes at various
stages of stretching,
it is concluded that there
is no other type of fiber which i s suggestive of
the scaffq ld structure (Paulson and Laemmli, 1977)
than 300 A fibers.
The scaffold structure was
denied by Okada and Comings (1980) that it was an
artifact resulting from incomplete dispersion of
central chromatin and aggregation of nonhistone
proteins in dehistonized chromosomes.
Although it has been cl early shown in many
studies that the 200-300 A f ib ers are the structural e l ement of the chromosome, the manner of
organization by which these fibers build up the
higher-order structure of the chromosomes i s sti ll
a point of discussion.
DuPraw ( 1966) postulated
a "folded-fiber"
model and Bahr (1970) a "coiledcoi l" model for metaphase chromosomal structure
based on their observations of surface-spread
chromosomes by TEM. Marsden and Laemmli (1979),
however, put forth a "radial l oop" model based on
el ectron micrographs of thin sect i ons of isolated
chromosomes. The cross-sections
of i so lated
chromosomes suggest the axia l structure of the
chromosomes (Adolph, 1980; Mars den and Laemm
li ,
1979). But in chromosomes severe ly stretched by
the surface - spreading technique, neither core nor
axial el ements are recognizable (Bahr, 1977;
Utsumi, 1981, 1982). The differences in the presence or absence of the axial structure of the
chromosome may be due to the different techniques
for chromosome preparation .

by SEM

Fig . 9. A metaphase plate of Raji cel l s surfacespread on the water. Chromosomesare prone to
stretch . Minimally stretched chromosomes are
suited to the study of the higher-order structure.
SEMS-450. Bar= 10 ~m.
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Fig. 10. Surface - spread chromosomes of Raji cells.
A part of stre tched chromosome showing segmental
masses of chromosome fibers or chromomeres (arrows
in a). The masses of fibers are no longer seen in
the extreme ly stretched chromosome (b) . The
fibers are often torn in such a stretched chromosome (arrow).
FESEMS-700 (a) and S- 800 (b).
Bar = 0. 5 ~m.
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Discussion with Reviewers
T. D. Allen: Fig . 2b. It i s difficult
to assign
the "knobby " appearance of chromosomes in the
f igur e with imaging art ifa ct as suggested in the
text.
Could not the swollen s urface be more
lik ely a result of change in the actual chromosome
fibers during preparation?
Author: The knobby appearance is not a result of
swelling of the chromosome fibers, but a deposition of gold accumulated on the protruded parts of
the chr omosoma
l sur f ace produced by sputtercoating.
Knobs are very small by 30 sec sputtering as shown in Fig. 2a. They become large after
6 min sputtering as shown in Fi g. 2b.
T. D. Allen: There is an altern ative expl anation
to chromosome 'fo otpr int s ', which is that if the
chromosomes ar e over -tr eated with whatever
agent produces the sta in banding pattern, the y
coll apse, a lth ough without spread in g out. Could
this be the case for the chromosomes in Fig. 2c?
Author: The 't ransparent' chromosomes can be produced under moderate condition s ,e. g. 10 sec tr eat ment with 0.025 % trypsin at 23°C. Usually th e
ordinarily air -d ried chromosomes show a frin ge of
f ib ers aro und them as shown in Fig . Za. These
chromosomes must have been spread directly on the
glass.
But ' footprints ' of chromosomes show distinct contours (Fi g. 2c). Chromosomesmust have
been spread on or part ly buried in the thick l aye r
of protein substance simul taneous ly spread on the
glass.
Sin ce the protein substance i s stained
blue with Giemsa, the footprints appear transparent by LM. Adhesion of chromosomes on the protein subs tan ce must be so weak that chromosomes
are rea dily s loughed of f.
T. D. Allen:
Our own investigat i ons (Harri son et
al., text references and J. Med. Genetics, 22,
16-23 ( 1985) and Chromosoma,91, 363-368 ( 1985))
have shown consistently that the air-drying which
occurs in LMmetaphase spread prep s from human
lymphocytes can be 'overcome ' by rehydration fol l owed by glut ara ld ehyde and osmium- TCHfixation and
impregnation . Would you please comment on thi s?
Author: It is one of the outstanding contributions
to the st udy of chromosomes by SEMthat Harrison
and her coll eagues could re sus citate the flat
chr omosomes made by the air-drying technique by
GA-Os-TCHmethod. However, judging from G-banded
chromosomes observ ed by LMin their report s , the
trypsinization
seems to be somewhat weak. To my
disappointment, although the surfac e topo l ogy is
sugges tive of th e fibrous element of chromosomes,
the high e r-order architecture of chromosomes can
not be discerned.

al so observed in the LMto check the l evel of
distortion?
Furth ermore, the author himself
quotes stretching as a re sult of the water
spread ing technique.
Author: Surface-spread chromosomes were routinely
examined by phase contrast microscopy immediat ely
after the cr iti cal point drying. Although chro mosomefibers l ook dispersed by SEM(Fig. 3a, b,
and c), their size i s a little small er than that
of chromosomes ordinarily pr epared for LM. Minimall y stretched chromosomes in the surface-spread
metaphase (Fi g. 9) look just as normal by LM.
The looping aspect of chromosome fib ers may
be one of distortion produced by the surfacesprea ding method. Coils of chromosome fibers
mus t have been uncoiled by s ubmerging in water
which dissolved a certain substance responsible
for coi ling. Twisting and nodules of chromosome
fibers must be the r emnant of such coi l s . The
stretching of chromosomes may be another distortion. Chromosomesar e prone to stretch lengthwi se
rather than widthwise when they are spread on the
water, though the surfa ce tension of th e water is
act in g on chromosomes in all directions.
This
denotes that th e binding force between chromosome
fibers in the condensed metaphase chromosomes i s
weaker in the dir ect ion of length than in the
direction of width. Histo ne-depleted chromosomes,
on the contrary, spr ead in all directions showing
a halo of DNAs trand s around a 's caffold'
(Paulson & Laemmli, 1977). The abi lit y of unfolding of chromosome fibers seems to be removed by
histone-depletion
from chromosomes.
S. M. Gollin: The use of methanol :acet i c acid as
a f i xati ve for chromosomes for LM, TEM,and SEM
i s widespread. Thi s fixative i s th e only one
whi ch permi ts f i xat i on of chromosomes j_Q_s itu and
permits chromosome spreading . I t does alt er histone composit i on, but does not appear to drast ically alter chromatin arrangement within chromosomes. In contrast, the surface spreadi ng methods
cl early a lt er chromatin arrangement within chromosomes, although I do not have data on what they do
to chromosomal prote in s. Could you please comme
nt ?
Author: Although the arrangement of chromosome
fib ers might have been di storte d by the sur face sprea din g method as mentioned above and in the
text , thi s method has the advanta ge of ot hers .
Howcan we know the higher-order struc tur e of
chromosomes which were cl osely packed? Internal
structure of chr omosomescannot be le arne d from
t he surface topology, even if they were fixed j_Q_
s itu.
Vari ous degrees of unfolding of chromosomes
made by the s ur face - spreading method may be abl e
to provide better understanding of the higherorder structure of chromosomes.
F. Lampert: Both SEMor TEMso far have fail ed in
esta blishing th e method for routine cytogenetic
appli cat ion utilizing th e higher resolution as
compared to LM. An easy method is sti ll l acking
for proper identifi ca tion of individual chr omosomes of the human karyotype at the EMl evel.
Author : I whol eheartedly agree with thi s comme
nt.
Edit or's Note: Readers should find 3 paper s on
chromosomes on pages 869, 879 and 889 in Scannin g
Electro n Microscopy/1985/II als o of intere st.

T. D. Allen : The appeara nce of the water spread
chromosomes i s one of marked di spersion of the
fiber organizat i on. Have such preparations been
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